T he use of "real-world data" (RWD), defined as "data used for decision-making that are not collected in conventional RCTs" (randomized controlled trials) 1 to inform comparative effectiveness research (CER) questions holds tremendous promise, which can be realized only if such research is conducted by strictly-religiously, one might say-following good research practices. 2, 3, 4 The well-recognized potential for biases associated with analysis of nonrandomized data, as well as the increasing accessibility of these data and their potential for being data-mined, might lead some to view them as "forbidden fruit" for informing medical decisions. 5, 6 In fact, some may argue that RWD CER results based on nonrandomized data a priori compromises their credibility. Others may argue that clinical trials that target only regulators rather than post-regulatory decision makers, including patients, consumers, payers, prescribers, and policy makers are similarly, albeit differently, flawed because they are less informative for medical decision making than pragmatic clinical trials that address patient, prescriber, and payer concerns. In both randomized trials and studies using data with nonrandom assignment, the virtues of RWD CER results are more likely to be valued by appropriately skeptical audiences if decision makers are confident that the work has been conducted and reported with a dedication to high standards.
In this spirit of devotion to good research practices for CER using RWD, we offer "ten commandments" for conducting and reporting CER based on analysis of RWD, without any claim of having received them from on high. The purpose of this article is to provide the beginning-to-intermediate practitioner or decision maker with a concise list of practices that are crucial to the proper execution of this kind of work. It is not meant to replace the growing literature which, in many cases, more extensively reviews important technical aspects of RWD analysis, and we strongly recommend that readers also review other guidance documents and Task Force reports, such as those published by the International Society for Pharmacoeconomics and Outcomes Research (ISPOR). However, we believe there is merit in a brief overview of some key tenets of the RWD research process, from planning, to analysis, to reporting, that combine general good research practices with considerations specifically relevant to CER with RWD. Before beginning, we strongly urge those who conduct RWD studies to involve those who are part of the RWD data generation and decision-making processes when designing CER studies. This will maximize the usefulness of the RWD CER results.
I. Design your study to address the 3 central pragmatic features of CER, all oriented to informing a specific treatment choice: active comparators; relevant patient populations; and outcomes that are meaningful to patients, prescribers, payers and policy makers. CER is intended to improve the evidence base for making decisions that impact the health of "real world" patients. Thus, CER studies should make comparisons-directly or indirectly-of the drug or medical technology being studied to other medical technologies that are commonly used or recommended to treat the targeted indication. The comparators should be selected from among those most frequently prescribed as well as those recommended in clinical practice guidelines. CER must be pragmatic in nature, reflecting a reasonable cross section of patients who are likely candidates for the comparators being studied. 7 Study outcomes, including the measurement, frequency, and timing of reporting outcomes, must be meaningful to patients and their providers, as well as payers and policy makers who affect access to drugs and other medical technologies. In order to be meaningful, outcomes must be relevant and important to patients; however, in a CER study, it also must be the case that outcomes vary across comparators and patients. 8 That is, there must be a plausible causal relationship between the treatment and the meaningful outcomes and a recognition that the relationship may vary across subgroups.
As with all components of CER study design, analysis, and interpretation, stakeholder engagement can help to assure that the study is appropriately designed to be maximally relevant and informative for decision making. When CER is conducted with a particular payer or subgroup of patients in mind, the comparators, patient population, and outcomes should reflect that perspective.
II. Develop your research question such that all benefits and harms relevant to the treatment decision for the product relative to the comparator are considered. The research question must be well-defined a priori and targeted to provide a clear answer for a specific audience. Choose a research design (e.g., case-control, cohort) and a corresponding dataset (right population, right variables, large enough sample) that are likely to be able to answer and are suitable for your research question). Both the blessing and the curse of large RWD sets are the many research questions that can be addressed with them, making them ideal for exploratory data analysis. However, when the goal is to present evidence on a question as outlined in Commandment I, especially for decision-making purposes, one's work must be free of any suspicion that the bulls-eye was painted around the arrow. Just as a conventional RCT starts with a research question, with the subsequent protocol reasons? Are the patients or physicians not representative of typical practice in some way? Could their choices of treatments be limited by external factors, such as formulary restrictions or insurance provisions? What drugs used by patients may be missing from the data, and why? Incorrectly attributing exposure to treatment is called "classification bias."
2 Given test result data (e.g., blood pressure) under what conditions were those data collected, and why?
What can you do? Thoroughly review any underlying data manuals and/or questionnaires when they are available. While staying blinded to outcomes by treatment group, examine not only the descriptive statistics of key variables but also the distributions and lots of cross-tabulations. Consider consulting with a practicing physician, pharmacist, or a billing department employee to test your assumptions about your data. In addition, when constructing any outcome or control variables, be careful not to introduce any biases. For example, in a timeto-event analysis, introducing any time period during which the outcome could not have occurred will create "immortal time" bias. 10 When categorizing patients based upon treatment, perform sensitivity analysis to see whether using different codes or time periods for exposure would affect how patients are categorized. When constructing total costs, be cognizant of systematic reasons why certain costs may be missing and exacerbate differences between treatment groups. In the end, it's never possible to find or adjust for all the imperfections in one's data, but doing the due diligence needed to be reasonably confident that the data are fit for the research task at hand is a fundamental responsibility of any empirical researcher. As in Commandment II, if the data are not deemed to be fit for the task, the research should not be continued; if the question is sufficiently important, a prospective study may be necessary.
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IV. Write a full statistical analysis plan a priori that reflects current knowledge about comparator products and the evidence gap to be addressed; document any changes made along the way. A pre-specified, well-written statistical analysis plan for a CER study provides benefits that are similar to those achieved by a pre-specified analysis plan for a conventional RCT. Having a roadmap provides a predetermined course for conducting the analysis and prevents deviations that otherwise could unintentionally change the validity or overall intent or direction of the study. It also avoids post hoc or selective reporting that tends to reduce the value and believability of results in the eyes of many decision makers. In fact, excessive post hoc analysis almost guarantees that certain results will appear to be statistically significant by chance rather than by true causation. Thus, pre-specified analysis plans enhance the credibility, efficiency, reliability, validity, and transparency of CER studies.
The statistical analysis plan should reflect a scientifically rigorous and clinically meaningful approach to answering the and data collection designed specifically and parsimoniously to answer a pre-specified question, a CER study using RWD must start with a clear objective, which is usually best framed as a research question. Sometimes a research question begins as a very specific one, either to replicate or extend previous research. More often it begins rather broadly (e.g., "Does medication X result in better outcomes than medication Y in treatment of Z?"). If a broad CER question is being posed, then all benefits and harms of both products relevant to the treatment decision should be included in the analysis.
Before the analysis begins, a number of more specific conditions need to be imposed to clarify the question-which patients, with which characteristics, over what timeframe, under what definition of medication use, etc.? Those conditions should be based on what questions prior studies explored or left unanswered, or which specific coverage or treatment decisions require better information. Before a specific research question can be finalized, potential data sources should be reviewed for their feasibility (e.g., presence of the right variables, enough patients, and proper time frame) for answering the research question; even a very good data source may additionally delimit the research question. Finally, the specific research question, as well as the nature of disease and its treatment process, the prevalence of the outcomes of interest, the data source, and other factors will help determine the most appropriate research design (e.g., case-control, cohort, casecrossover, etc.). 9 In the end, the research question should lead to an analytic framework that directly can test the hypothesis present in the question in a scientifically rigorous and informative manner. If the research question and relevant hypothesis cannot be tested satisfactorily with the RWD available, the research should likely not be done.
III. Investigate your data sources to understand the "realworld" process by which the data are generated. Describe the limitations of the data, as well as how patients are selected into or exposed to treatment, and when appropriate, describe potential concerns (e.g., classification bias, immortal time bias, adherence concerns, etc.) and how they are addressed.
Whoever said "what you don't know can't hurt you" never worked with RWD. Data are an inherently imperfect representation of the underlying characteristics they are meant to measure, even when collected following a strict protocol. Considering the highly variable conditions under which RWD are collected, recorded, transmitted, merged, etc., it's best to ask yourself, and possibly others, questions about any datum important to your study. Are data complete and, if not, are data missing at random or is there a systematic bias in underreporting that could impact the results of the study? Why are different diagnosis codes for a condition used? Do those codes vary by location or other factors, and if so, for transparent "Ten Commandments" for Conducting Comparative Effectiveness Research Using "Real-World Data" control variables are missing at random, it may be feasible to impute them. Several techniques to handle missing data exist (e.g., listwise deletion, pairwise deletion, or multiple imputation), and the reader is encouraged to carefully consider the pros and cons of each method. 12, 13, 14 Missing outcome variables or completely missing observations are generally more problematic, but methods are available to at least partly manage those problems. 15, 16, 17, 18, 19, 20, 21 Sometimes missing data can lead to poor treatment group identification, called classification bias (see Commandment III). The key task at this stage of the analysis is to analyze and report the extent of the missing data as well as any information about why it occurred that can guide subsequent analysis.
VI. Control for observed confounders and other effect modifiers (explanatory variables) in a systematic and unbiased fashion and pay particular attention to how these may vary across comparator treatments; be wary of their correlation with the treatment variable. Choose 1 or more methods to address unobserved confounders (also known as selection bias); none is perfect and comparisons of different methods can be informative. In RCTs, both effect modifiers (factors which affect outcome but not treatment choice) and confounders (factors affecting both outcome and treatment choice) are randomly, and in large trials, generally equally distributed between treatment groups, making explicit controls for these factors unnecessary to estimate unbiased average treatment effects. Nevertheless, a pre-specified multivariate analysis controlling for patient characteristics that affect treatment outcome can reduce residual variance, result in a smaller confidence interval on the treatment effect estimate, and using interactions, potentially identify treatment-effect heterogeneity.
Outside of RCTs, treatment groups are rarely balanced on observed characteristics and the potential for confounding of outcomes by unobserved factors is high. Physicians and patients commonly make choices about treatments based on factors that also affect treatment outcomes (e.g., patients who are more severely ill [in ways sometimes not observed] are often treated more aggressively, making the more aggressive treatment a priori biased towards having worse outcomes). Treatment effect estimates that don't both control for observed factors and consider unobserved factors are likely to be significantly biased. The literature on these issues is vast and distributed across statistical, econometric, epidemiological, psychological, and other disciplines. An overview of methods in this area, such as propensity score matching, stratification, instrumental variables, and others, as well as an extensive set of references, is found later in this supplement (Alemayehu et al., pages S22-S26).
Concerns around use of these methods can be grouped into 2 points. First, there are many choices of methods, including study question. There should be specific aims and testable hypotheses that are directly related to the overall study objective and research question that are relevant for the comparator therapies being assessed. The analytic approach should be informed by what is known about the disease or condition being studied as well as the comparators being evaluated (see Commandment II). The statistical analysis plan should identify pre-specified subgroup analyses, specific codes (e.g.,
International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] and Current Procedural Terminology
[CPT] codes) for inclusion/exclusion criteria, and the general approach for both descriptive and multivariable analyses (see also Commandments VI and VII).
As with conventional RCTs, there may be necessary deviations from the original statistical analysis plan because new evidence emerges from outside the trial or because of unexpected findings during the implementation of the analysis that require additional exploration. It also may be possible that the original statistical analysis plan failed to address a particular element appropriately. In all cases in which an amended analysis plan is required, it is important to report transparently not only what part of the statistical analysis plan was altered but why it was changed.
V. Carefully review univariate statistics for patient characteristics, outcomes, and control variables and how they differ across comparators. Investigate thoroughly the nature and degree of missing data (attrition, nonresponse, noncoverage, etc.) or miscoding, including anything that may affect treatment group identification. In following Commandment III, you should have investigated some of these same issues in order to ensure that it was feasible to answer your research question with your data. Commandment V concerns the data analysis needed to inform not only yourself but also your audience about the nature of the data, its strengths and weaknesses, and its potential biases. The analysis begins with a thorough review of each relevant variable-outcome or control-and how it is distributed across comparison groups and across other relevant treatment subgroups. By identifying any fundamental imbalances, this descriptive analysis should inform and support any subsequent stratified or multivariate analyses. While this analysis cannot reasonably include "all possible" cross-tabulations, it should follow a logical process that ensures review of potentially important bivariate relationships, such as outcomes by disease severity across treatment groups.
A key aspect of this univariate review is attention to missing data. When control variables are missing, one should examine differences in outcomes across treatment groups for those with such variables present versus missing, in order to understand the biases that may be introduced by excluding observations with control variables missing. In cases where it appears that No study can answer all important questions, nor should one report every single data run, yet every study must provide objective and balanced reporting of the most relevant results regarding benefits and risks of all comparators included within the analysis. To achieve this balance, it is important to consider the viewpoints of decision makers, who are interested in comparisons of all clinically relevant benefits and potential side effects of treatments. This list should be informed by what is known or suspected about all treatment options included within the study. While all pre-specified outcomes should be provided in tabular form, it may be appropriate to highlight only those benefits and risks that are statistically different between the comparator treatments; however, in other cases, it may be important to comment on the fact that there is not a difference in key clinical outcomes. The reporting should include sufficient detail on the methods and results, including those from any alternative statistical approaches used, to provide the reader with a reasonably complete picture of the analyses performed; an online appendix can be useful for this purpose.
Objective reporting of outcomes requires that all benefits of all comparator treatments are given equal weight. Unfavorable outcomes should not be downplayed or "explained away." It is acceptable to translate the clinical importance of both positive and negative impacts of therapies on health so long as this, too, is done in with fair balance.
IX. Do not "over-interpret" results in the Discussion or Conclusion sections; remain objective in describing differences in outcomes across comparators. The Discussion section should interpret CER results for key stakeholders and decision makers and place the study's results in context with prior knowledge and publications. Authors should comment on why comparative effectiveness results seem plausible, how the magnitudes of relative benefits and harms compare with those reported in prior studies, and whether observed differences are clinically and statistically significant. Although the Discussion may be somewhat subjective in nature, the interpretation of results should reflect an objective evaluation of what an unbiased individual could reasonably conclude from the study design and results. Authors should be careful to accurately reflect whether causal inference or correlation has been established and should avoid generalization of comparative benefits or harms beyond the study population and time frame.
Similar to regulators examining claims, payers and journal editors express strong criticism of manufactured-sponsored CER studies that appear partial in selecting which results are highlighted in the Discussion and Conclusion sections. Guidance on transparency in reporting can be found in the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) statement. 23 The focus of the entire selection of control variables, for a given problem, and each one may yield a different treatment-effect estimate. To avoid the temptation or appearance of picking a method post hoc that gives a "desirable" answer, the methods need to be clearly specified a priori. Second, one cannot know that a given method is going to give the "right" answer; none of the known methods can fully adjust for unobserved influences. Comparing the results of several methods, via a sensitivity analysis or simulation, given a sense of the strengths of each one, can provide insight into the robustness, or lack thereof, of conclusions around the comparative effectiveness estimates obtained. There frequently may be more than 1 analytic approach and multiple ways in which a regression equation can be specified to answer a particular CER question; however, there usually is one that is preferable based upon the study perspective, the conceptual design, or the data-generating process. While it may sometimes seem that no matter what you select, peer reviewers prefer an alternative statistical approach, it is important to remember that part of the responsibility of conducting a study is describing the pre-specified methods and defending why the specific statistical technique and functional form were selected. There is both a science and an art to conducting CER, and the best research balances the 2 considerations. The art of CER requires that the analytic approach is informed by clinical practice and patient decision making so that the regression results provide meaningful and interpretable output. paper, including the Discussion and Conclusion sections, is driven by the research question (see Commandment II). Therefore, the importance of following all commandments simultaneously is essential.
X. Know and follow any external requirements (e.g., from ethics committees, federal or local governments), as well as any internal organizational protocols or SOPs for RWD study conduct and reporting. Use of RWD data for CER studies is increasingly considered to impose 2 ethical obligations on the researcher-to use the data in sanctioned research and to report the results. Conditions for use of individual patient data are set by the owner of the data. In some cases, the research proposal must be reviewed by either the data owner or an ethics committee before the research can be carried out. Their intent is generally to protect patient confidentiality and ensure that the research is conducted along whatever lines were agreed to by the patients when their data were collected. Once the research is complete, it may be necessary to post results of safety-related or effectiveness-related outcomes in the spirit that it would be unethical to withhold potentially relevant information about treatments from the public. The state of Maine has required that RWD CER studies examining safety and effectiveness outcomes of drugs be posted in a way similar to posting of clinical trials. 24 Some institutions and companies have created their own standard operating procedures to provide both information and processes for employees to follow that help them comply with these obligations. For example, an institution may require that study protocols for both randomized trials and observational studies be posted on www.ClinicalTrials.gov and study results be posted in the ClinicalTrials.gov Results Database; we would encourage this practice even if it is not required. Researchers should ask data providers and their own institutions about such requirements before engaging in CER studies using RWD.
■■ Summary
Decision makers want RWD studies and CER that provide meaningful evidence about the benefits and harms of alternative treatments. At the same time, they remain skeptical when RWD studies are not appropriately designed to answer relevant questions in a scientifically rigorous and transparent manner. While our proposed "ten commandments" cannot guarantee that studies are free from bias or other flaws-they can only address the devils you know-they nevertheless can serve as a useful checklist for improving the systematic use of principles that are aimed at achieving the goals of developing credible and germane CER studies using RWD.
